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Abstract: Currently, thermal power plants operating on hydrocarbon fuels (gas, fuel oil, peat, shale,
etc.) are one of the main sources of electricity. An effective and promising method for suppressing
harmful emissions (NOx, carbon oxides, soot) from the combustion of fossil fuels is the injection of
steam into the combustion chamber. The influence of various mathematical submodels was studied
on the accuracy of the numerical simulation of the process of n-heptane combustion in a laboratory
burner with steam additive to the reaction zone as a promising chemical engineering method for the
disposal of substandard liquid fuels and combustible waste with the production of thermal energy.
The problem was solved in a three-dimensional stationary formulation. Systematic verification of
these submodels, and a comparison of the results of the calculation with the experimental data
obtained were carried out. The comparison with the experimental data was carried out for gas
components and temperature distribution at the burner outlet; high agreement of the results was
achieved. Optimal submodels of the methodology for calculating the process of fuel combustion in
a jet of steam were determined. The best agreement with the experiment data was obtained using
the EDC model in combination with a mechanism consisting of 60 components and 305 elementary
reactions. More correct simulation results were obtained using the RSM turbulence model and the
DO radiation model.

Keywords: superheated steam; liquid fuel combustion; combustion model; RANS; CFD

1. Introduction

Combustion is currently used as the main method for the production of energy from
fossil fuels. However, during combustion, harmful substances are formed, such as car-
bon monoxide, nitrogen oxides, soot, unburned hydrocarbons, and others [1–3]. These
substances are hazardous to human health and the environment. Recently, the issue of
reducing toxic emissions from combustion into the atmosphere has become more and more
acute. Therefore, the development and research of new ways to reduce harmful emissions
are urgent tasks.

There are many approaches to reducing the content of toxic substances in exhaust
gases [4–6]. One of the widely proven ways to reduce the level of harmful emissions (NOx,
CO, etc.) in various applications is the addition of diluents during fuel combustion, in
particular steam/water [7,8], as one of the most effective [9]. Thus, a significant reduction in
the level of harmful emissions is achieved in [10] when simulating numerically the addition
of steam during fuel combustion in an aircraft engine. The combustion of n-dodecane as a
model fuel for aviation kerosene with the addition of steam (0–20%) is calculated in [11].
Calculations have shown that an increase in steam supply leads to a decrease in CO and
NOx emissions. Along with numerical studies, a number of experimental studies have
been carried out to investigate the effect of adding steam/water during fuel combustion,
and positive effects have been also noted in these studies. For example, in [12], the effect of

Energies 2023, 16, 25. https://doi.org/10.3390/en16010025 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16010025
https://doi.org/10.3390/en16010025
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en16010025
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16010025?type=check_update&version=2


Energies 2023, 16, 25 2 of 25

adding water/steam (up to 200 wt %) during the combustion of methane and aviation fuel
(Jet A) in an aircraft engine turbine model was studied experimentally and numerically. It
was shown that if the optimal parameters are observed, a significant reduction in CO and
NOx emissions is achieved.

The authors are developing a promising chemical engineering method for burning
liquid fuel in a flow of superheated steam, applied to solving the problem of using substan-
dard liquid hydrocarbons with the production of thermal energy [13–15]. A large cycle of
experimental studies was carried out using laboratory burners [16–18]. The influence of
burner operation regimes (fuel flow rate, air flow rate, steam flow rate and temperature
steam) on thermal characteristics and indicators of harmful emissions of combustion of
various types of fuel (diesel, spent engine oil, crude oil, fuel oil, kerosene, and heptane)
was studied in [15,18–20]. The advantages of using steam to reduce toxic emissions into
the atmosphere were shown in [15,16,18]. A reduction of NOx concentration in combustion
products up to 70% at high fuel combustion efficiency was achieved in [15,18].

However, experimental studies do not allow comprehensive information about the
combustion processes in a steam jet [16] to be obtained. Local limitations in measuring
individual parameters, especially in the combustion chamber [18], hamper the detailed
description of the process kinetics necessary to control the regimes of fuel combustion
when creating new burners. To study the processes inside the combustion chambers, as
it is known, mathematical modeling was used. However, numerical simulation of the
processes of diesel (or fuel oil, kerosene, and heptane) combustion in a steam jet is a rather
complex computational problem that requires separate studies in relation to a specific
practical application. To describe the processes of liquid hydrocarbon combustion in a
steam jet, there are no universal ready-made solutions for choosing mathematical models
and simulation methods. The problem consists of many subprocesses (turbulent flow, spray,
fuel evaporation and combustion, mixing of a multicomponent medium, heat transfer, etc.),
which complicate the choice of a complex model considerably. In turn, the numerical model
will consist of submodels of these subprocesses, which are based on different methods
and approaches, taking into account various nuances and assumptions. There are both
simple and complex accurate submodels (with the fewest assumptions), which are more
costly and require more computational resources. As a result, there is a choice between
different approaches in submodels for the description of physical and chemical processes,
which allow the parameters with the required accuracy to be determined using acceptable
computing resources.

The quality of numerical description of flames depends essentially on the turbulence
modeling technique. It is often sufficient to use RANS models to describe turbulence in fuel
combustion problems [21,22], but if the flow structure is complex or unstable, it becomes
necessary to use the URANS and LES methods [23,24].

The correct choice of the gas combustion model is also important. Three approaches
to modeling homogeneous combustion are considered: eddy dissipation concept (EDC),
flamelet models, and PDF models [25–34]. The PDF combustion models most compre-
hensively describe the chemical reaction at a finite rate in turbulent flames, and allow the
use of reaction mechanisms with an arbitrary number of reactions. The concentration of
components and temperature in a turbulent flow are treated as random variables using
a probability density function (PDF). The solution of transport equations is based on the
Monte Carlo method [25–27,35]. This approach appears to be a promising tool for com-
bustion simulation, as it allows for the elimination of the closure problems. The main
advantage of this method is that it allows the strong nonlinear character of the source terms
(due to the chemical reaction) to be properly taken into account. However, this method
requires an extremely large amount of computing resources.

The eddy dissipation concept assumes that part of the liquid is completely mixed in
part of the volume, in the so-called “fine structures”, where the chemical reaction takes
place. The rate and scale of mixing are determined through the local characteristics of the
turbulent flow. The relationship between the equations of gas dynamics and chemistry
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is simplified. Conservation equations for individual components are used, for which
the corresponding source terms are calculated on the basis of chemical reaction, using
detailed kinetics.

One of the ways that turbulent flow and detailed reaction kinetics at an acceptable
computational cost can be combined is the use of the flamelet model [36]. It assumes that a
turbulent diffusion flame consists of a large number of single laminar diffusion flames, the
so-called flamelets, at the appropriate microscales. The efficiency of calculation is achieved
by splitting the tasks of calculating the chemistry and the flow. The method is suitable for
solving moderate non-equilibrium phenomena. The advantage of this approach is that
it allows the use of kinetic reaction mechanisms with a very large number of reactions.
In this case, the calculation time does not increase as significantly as, for example, in the
EDC method.

It is well-known that the composition of fuel oil, kerosene, and diesel is very uncertain.
The percentage of paraffinic, naphthenic and aromatic hydrocarbons may vary. This creates
difficulties in the CFD modeling of combustion processes. The works [37–41] present some
options for modeling the combustion of diesel fuel. An analysis of the composition of
commercial diesel fuel shows that the mass fraction of carbon is approximately 86% [18].
Thus, n-heptane can be chosen as an approximation, in which the proportion of carbon
is 84%.

In the recent work of the authors [42], the combustion of n-heptane in a steam jet was
first studied numerically in a laboratory evaporative burner. The proposed mathematical
model was tested and the calculation results showed good agreement with the experi-
ment [42–44]. An investigation of the effect of forced air and steam supply on combustion
characteristics was performed [42]. A radical difference between the effect of steam and
air supply on the reduction of nitrogen oxide and soot emissions from the burner was
shown [42]. The operating conditions of the burners in a wide range of consumption
characteristics of the supplied fuel and steam were studied. It has been established that
with an increase in the steam quantity, underburning, the amount of NOx produced, as
well as soot, were significantly reduced: the underburning of hydrocarbons was reduced
by more than two times, the concentration of NOx was reduced by more than 100 times,
and the concentration of soot was reduced by more than 10,000 times.

The analysis of ranking the volume-averaged values of the kinetic rate of the reactions
occurring showed that the addition of steam significantly changes the intensity of some
reactions [42]. For example, the rates of decomposition reactions of high-molecular hydro-
carbons NC7H16 + H = C7H15-2 + H2 and C7H15-2 = C2H5 + C2H4 + C3H6 slow down twice,
and the reactions, containing the OH– radical, accelerate significantly (H2 + OH = H2O + H
reaction accelerates by 17% and takes third place in the chain of dominant reactions). Thus,
an increase in steam concentration affects a complex chemical chain of reactions, and as a
result, the dynamics of the formation of substances, including NOx and soot, changes.

In [45], this mathematical model was used to study the combustion of diesel fuel
dispersed by a jet of superheated steam in the duct of a vortex burner. For this object,
the chosen model also showed good agreement between the experimental data and the
calculations. For a vortex burner, the effect of steam and fuel flow rate on the flow structure
and physical and chemical processes in the burner and at the nozzle outlet was studied.
The flow structure inside the burner and its complex swirling character were shown for the
first time.

The primary numerical studies showed [42,45] that in solving such problems, it is
important to choose mathematical submodels in order to describe the processes most
reliably. Therefore, the problem of further developing mathematical models of the studied
process of liquid fuel combustion with steam injection is topical. This study is a continuation
of the numerical studies of the authors [42,45]. Unlike previous studies, which were
focused on the features of the physicochemical processes occurring in the burners under
consideration, this study examines the influence of various numerical methods on the
accuracy of the simulation of the combustion processes.
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The disadvantage of most of the studies listed in the review is that, as a rule, they do
not pay due attention to the issues of substantiating the choice of appropriate submodels
and numerical algorithms for describing combustion processes. These studies are mainly
devoted to examining the physical mechanisms of the influence of various regime parame-
ters on the combustion characteristics. Moreover, in such studies, as a rule, a standard set
of submodels is used and the issue of testing them is not given enough attention. At the
same time, the choice of reliable models of such a complex phenomenon is very important,
since there are many turbulence models, dozens of chemical kinetic mechanisms, and
several models of gas-phase reaction and radiative heat transfer. The results of choosing
one model are related to the choice of other models. Therefore, a researcher who is engaged
in combustion modeling faces a difficult choice: which combination of models to choose.

The aim of this study is a comparative analysis of numerical methods for modeling the
combustion of n-heptane in a steam jet in an evaporative atmospheric burner. The novelty
of the study is that the influence of turbulence models, radiative heat transfer models,
combustion models, and kinetic mechanisms on the reliability of modeling the combustion
of liquid hydrocarbon fuel in a superheated steam jet has been studied numerically for
the first time. The results of our study may be helpful to other researchers to make a more
informed and justified choice of models.

2. Problem Statement and Research Methods

A burner (Figure 1) was chosen to verify the numerical technique for modeling heptane
combustion processes with the addition of steam. The presence of a detailed experiment for
a given object allows a comparative analysis of the influence of submodels on the calculation
results. The burner has proven itself as a test object when combusting diesel [17], waste
oil [44], and heptane [42]. Burner overall dimensions are as follows: height of 180 mm,
combustion chamber diameter of 130 mm, combustion chamber diameter of 50 mm, and
outlet diameter of 30 mm. Figure 2 shows a detailed diagram of the operation of the burner.
A more detailed description of the burner device is shown in [17,43,44].
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Figure 2. Scheme of the processes in the evaporation burner.

The gas compositions were measured by gas analyzers Test-1 (Russia) and Testo 350
(Germany). Test-1: to measure O2, an electrochemical sensor (absolute error of 0.2 vol.%)
was installed. To measure H2, there was a polarographic sensor (relative error of 5%). CO,
CO2 and CnHm were measured separately using an optic sensor with an absolute error of
0.2 vol.%, when measuring up to 5 vol.% (for CO2 this value was 7 vol.%); above this value
the main error of the sensor was relative deviation within 5%. Testo 350: NOx (0–300 ppm).
The content of nitrogen oxide was recorded by the sensor as the sum of NO and NO2
concentrations. For each of these components, an electrochemical sensor was installed in
the gas analyzer. For NO, an absolute error of this device was 2 ppm for measurements
of up to 40 ppm and higher with a relative error of 5%; an absolute error for NO2 was
5 ppm when measuring up to 100 ppm and higher with a relative error of 5 %. Gas was
taken by a cooled probe (inner channel diameter of 2 mm). Gas sampling was carried
out on the burner axis along the entire flame. The sampling time at a point was 90 s and
the frequency was 1 Hz. The average temperature in the flame was measured using a
Pt-Rh/Pt-Rh thermocouple (relative instrument error of 0.5%), at the same points where
the gas was sampled.

N-heptane (formula C7H16) was used as a fuel in this study (Table 1). The regime with
fuel flow rate of 0.8 kg/h, superheated steam flow rate of 1.0 kg/h and steam temperature
of 260 ◦C was chosen for the investigation. The selected mode corresponds to the optimal
environmental performance and thermal characteristics [17,42]. The selected regime ensures
low characteristics NOx = 28 ppm and CO = 15 ppm at a high level of efficiency regarding
fuel combustion.

Table 1. Properties and chemical composition of n-Heptane.

Parameter Value

Density (kg/m3) 684
Viscosity (cSt) 0.6

Low heat value (MJ/kg) 48.6
High heat value qf (MJ/kg) 45.0

C (% w/w) 84
H (% w/w) 16

Figure 3 shows the calculated geometry of the object under study. The area into which
the flame propagates is made in the form of a cylinder with a radius of 250 mm and a
height of 600 mm (Figure 3a). The dimensions were chosen in such a way as to exclude
the influence of side and outlet boundaries on the flow. However, since the geometry is
axisymmetric up to air inlets, a 30◦ sector containing 1/12 of the geometry with one hole
was taken to reduce the calculation time. The methodical calculations showed that the
choice of geometry in the form of a sector was justified. There were no differences from the
results of the full three-dimensional formulation. Therefore, for further calculations, the
calculation geometry in the form of a three-dimensional sector was chosen (see Figure 3b).
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Figure 3. Geometry of computation domain: (a) full; (b) in the form of a sector.

The setting of the boundary conditions is shown in Figure 3b. Periodicity conditions
were set on the side faces of the sector. At the fuel and steam inlets, the conditions of a fixed
mass flow rate were set with the values corresponding to the experiment. At the outlet
of their computational domain and at the air aspiration holes, the conditions of a fixed
pressure equal to zero were set.

The influence of the computational mesh detailing the accuracy of the combustion
process modeling was studied. For the basic version of the model, three calculations with
different grid sizes (0.88, 2.16, and 5.40 million cells) were performed. An analysis showed
that the simulation results on the average and most detailed meshes were practically the
same. Since the RANS approach was used in this paper to model turbulence, this behavior
of the solution depending on the grid is quite typical. However, as can be seen in Figure 4,
mesh with 0.88 million cells is not enough to describe the flow and combustion process.
Therefore, the 2.16 million cell mesh was chosen for further modeling.
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The numerical method for describing the combustion process of diesel fuel in a jet
of superheated steam is based on the following concepts. A model of a nonisothermal
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compressible multicomponent gas based on the solution of the equations of conserva-
tion of momentum, mass, energy, equations of radiant heat transfer, component transfer,
and description of turbulent characteristics was chosen. Research was carried out using
Ansys Fluent.

The fundamental issue influencing the flow structure when describing the flames is
the choice of the turbulence modeling technique. In this study, to model turbulence, the
most popular RANS turbulence models were considered: k-ε [46], k-ω SST [47,48], and
RSM LRR (Launder-Reece and Rodi) [49,50]. These models were tested.

In addition to the calculation of turbulent characteristics, the model of interaction of
turbulence and reaction chemistry can significantly affect the reliability of flame simulation.
To simulate turbulent combustion in the gas phase, four main approaches widely used in
practice were considered: the EBU eddy break-up model [51], the hybrid model (finite-
rate/eddy-dissipation) [52], the EDC model [53], and the flamelet-PDF model [36]. The
first two approaches of the gas phase combustion are quite simplistic and are usually not
applied to model a combustion with a large number of reactions. The EDC model can be
used with detailed reaction mechanisms, but it should be borne in mind that this model is
more expensive in terms of computing resources. The FGM model is computationally more
economic because it does not require the solution to a separate transport equation for each
component of the mixture.

To solve the equation of thermal radiation transfer, the methods of discrete ordi-
nates [54] and P1 [55,56] were considered. Gas absorption coefficients were calculated
using the gray gas sum model.

In this paper, the combustion of n-heptane is considered. One of the frequently used
approximations is the use of n-heptane (formula C7H16) as a model analogue of diesel
fuel for CFD simulation. The number of chemical reactions that are used in describing
oxidation of liquid hydrocarbon fuel in a jet of superheated steam, first of all, affects
the accuracy of describing the combustion parameters in the burner, and secondly, the
duration of calculation. To simulate the chemical kinetics of n-heptane combustion, four
known mechanisms were used: a global mechanism of one reaction (Table 2) (Ansys
Fluent), a mechanism consisting of 42 reactions (Ansys Fluent), a mechanism consisting
of 35 components and 60 elementary reactions [57], and a mechanism consisting of 65
components and 305 elementary reactions [58].

Table 2. Global 1-stage mechanism.

Reaction A [kg/(m2sPa)] E, J/kmol β Components Degree γ

nC7H16+11O2 =
7CO2+8H2O 2.86·109 1.256·108 0 γCH4 = 0.25, γO2 = 1.5

Soot formation was taken into account using the Moss—Brooks model [59,60]. In
the present paper, the description of forming thermal NOx is determined by a set of
temperature-dependent chemical reactions (the Zeldovich mechanism) [61,62]. The temper-
ature in the combustion chamber under study exceeds 1400 ◦C, so the contribution of fast
NOx was also taken into account. There is no nitrogen in the fuel under study; therefore,
the fuel mechanism for the formation of nitrogen oxides was not taken into account.

The problem was solved in a stationary formulation. The wall function method was
used to simulate the boundary conditions on the walls. Solid wall conditions were set on the
burner surfaces. The conservation equations for the gas phase were written as a generalized
conservation law in the control volume. For the volume, a finite-difference analogue of the
equation was written. To calculate the diffusion fluxes on the faces of control volume, a
central-difference scheme of the second order of accuracy was used. When approximating
the convective terms, a scheme of the second order of accuracy opposite to the flow was
used. The SIMPLE-C procedure was used to relate the velocity and pressure fields.
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3. Results

A variant numerical study of n-heptane combustion with a steam additive in an at-
mospheric evaporative burner was carried out. Distributions of the main aerodynamic,
thermal and environmental characteristics in the combustion chamber and in the exter-
nal flame were obtained. The influence of turbulence models, combustion models, and
mechanisms of chemical kinetics on the reliability of numerical calculations was studied.

3.1. Influence of Turbulence Models

The influence of turbulence models is studied in detail. The most popular RANS
turbulence models were considered: k-ε, k-ω SST, and RSM. The results of the calculation
are shown in Figures 5–10.
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The flow pattern in Figure 5, calculated using various turbulence models, demonstrates
a rather complex nature of the flow. A high-speed jet of steam directed upwards ejects
gases in the direction of the torch. In some zones, several recirculation zones are formed.
The swirling flow at the exit of the nozzle promotes the mixing of fuel, oxidizer and hot
flue gases, thereby contributing to stable ignition.

An analysis of simulation results showed that the choice of the turbulence model had
an impact on the description of the flow structure inside the burner (see Figure 5). The
greatest differences in the vortex structure of the flow are observed at the bottom of the
burner. The most significant difference can be seen when calculating with using the k-ε
model. This model is characterized by the absence of an annular vortex in the mixing
channel. Nevertheless, such a change in the flow structure has a rather weak effect on
the distribution of temperature (Figure 6) and the main gas components (Figures 7–9).
According to the temperature distribution along the burner axis, all models considered
gave similar results (Figure 10). The strongest difference in local characteristics calculated
using various turbulence models is observed in concentrations of nitrogen oxides shown
in Figure 9. When describing the processes of the formation of nitrogen oxides, temper-
ature fluctuations and turbulent characteristics were taken into account. Overestimation
of turbulent and temperature fluctuations, given by the k-ε model, leads to significant
overestimation of nitrogen oxides. One experimental point falls outside of the main level of
nitrogen oxides on the plume axis.

The results of quantitative comparison of calculations with the experiment are shown
in Figure 10. The graphs show the distribution of temperature and main gas components
along the burner axis. Experimental data are presented starting from the nozzle outlet.
A comparative analysis shows that, with the exception of nitrogen oxides, all models
considered give fairly close results. In general, the data obtained using the RSM turbulence
model are closer to the experiment. Therefore, the use of a more advanced RSM model
in this case is more preferable than the linear eddy viscosity models. However, from a
practical point of view, in terms of computational costs, the use of the k-ω SST model
is optimal.

3.2. Influence of the Combustion Model

The simulation results showed the following. The hybrid model, widely used to
simulate industrial flames, in this case gave a non-physical flame extinction. It was not
possible to obtain stable combustion using this model by any means of initialization.
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The EBU model does not take into account the kinetics of chemical reactions, and its
reaction rate is limited by the rate of turbulent mixing processes. The calculation results
showed that this model gives a qualitatively incorrect shape of the flame, which differs
from that observed in the experiment. Obviously, this model cannot be used to simulate
such a complex burner.

The computational analysis showed that the best result, other things being equal,
can be achieved using the EDC model. A comparison of the EDC model with a multi-
stage reaction mechanism and the flamelet PDF model is shown in Figures 11–15. The
flamelet-PDF model leads to earlier burnout of the fuel, due to which all combustion
characteristics are shifted relative to the experiment. The EDC model better describes
turbulent combustion and mixing of components during n-heptane combustion with the
addition of steam, both qualitatively and quantitatively.
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Figure 15. Distribution of temperature and gas composition along the burner axis in experiment 

and calculation for various combustion models. 
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results are shown in Figures 16–21. Simulation analysis shows that the detailing of the 

mechanism of chemical kinetics of n-heptane oxidation also turns out to be a significant 

factor affecting the accuracy of simulation of fuel combustion processes in steam. Thus, it 

was shown that mechanisms with a small number of reactions describe the combustion 

process unsatisfactorily. This is most pronounced in terms of oxygen concentration (see 

Figure 18). The model with one global reaction leads to complete consumption of oxygen 

inside the burner. This leads to a significant shift in the ignition and combustion processes 

inside the burner. With an increase in the number of reactions, this defect decreases grad-
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Figure 15. Distribution of temperature and gas composition along the burner axis in experiment and
calculation for various combustion models.

3.3. Influence of Chemical Kinetics Mechanisms

To simulate the kinetics of combustion, mechanisms containing 1, 42, 60, and 305 reac-
tions, were considered. The EDC model was used to simulate the gas phase combustion in
these calculations. The k-w SST model was used to simulate turbulence. The simulation
results are shown in Figures 16–21. Simulation analysis shows that the detailing of the
mechanism of chemical kinetics of n-heptane oxidation also turns out to be a significant fac-
tor affecting the accuracy of simulation of fuel combustion processes in steam. Thus, it was
shown that mechanisms with a small number of reactions describe the combustion process
unsatisfactorily. This is most pronounced in terms of oxygen concentration (see Figure 18).
The model with one global reaction leads to complete consumption of oxygen inside the
burner. This leads to a significant shift in the ignition and combustion processes inside the
burner. With an increase in the number of reactions, this defect decreases gradually.
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A quantitative comparison of simulation results with experiment is presented in
Figure 21. As can be seen, the best agreement with the experiment can be achieved using
the most detailed considered mechanism, which includes 305 reactions. This is especially
clearly shown in distributions of CO and H2 concentrations. Here, the combination of
the EDC combustion model and detailed chemical kinetics gave the lowest calculation
error in comparison with the experiment. It should be noted that, in general, very good
agreement between calculation and experiment was obtained for such a complex burner.
Despite the fact that the mechanism of 305 reactions most accurately describes the reaction
of n-heptane in a steam-air mixture; from a practical point of view, it is quite possible to use
the mechanism of 60 reactions for simulation. This mechanism gives similar results, but it is
much more efficient in terms of counting time than the mechanism of 305 reactions. Other
things being equal, the calculation time for the problem with these mechanisms differs by
the factor of 8.

It is necessary to note separately the results of simulation with a mechanism consisting
of 42 reactions. Calculations with this chemical mechanism with other things being equal
were accompanied by flame extinction. Even initialization of calculation with the help of a
stable stationary flame obtained by other mechanisms did not give any results. The flame
gradually went out completely. Thus, it was shown that the mechanism of chemical kinetics
is important not only for the quantitative description of the combustion process, but can
also give an incorrect solution even at a qualitative level. Therefore, the mechanism of
chemical kinetics for each specific combustion task and burner should be chosen carefully.

3.4. Influence of Radiation Model

When simulating the combustion processes, in addition to the factors studied above,
the reliability of simulation is significantly affected by a consideration of radiative heat
transfer. In this study, we considered two most common approximations for modeling
radiative heat transfer. The P1 method is based on the expansion of intensity into spherical
harmonics and takes into account only the first four terms of this expansion in the radiative
flux. This model is simple and very efficient in terms of calculation rate as it requires the
solution to one additional diffusion transport equation. A more general approach is the
discrete ordinate method. In this method, the radiation transfer equation is solved along
the rays emitted from each point of the computational domain. For sufficient detail, it is
necessary to calculate a large number of rays from each computational cell in all directions.
This makes this model rather expensive in terms of computation time. In this study, 64 rays
from each cell of the computational domain were used to discretize radiative transfer. The
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graphs in Figure 22 show a comparison with experiments of the calculation data obtained
using various models of radiative transfer. As can be seen, in general, the DO model
better reproduces the experimental data. This is especially noticeable for concentration of
nitrogen oxides, which is very sensitive to temperature changes. It is shown that the P1
model underestimates NO concentration almost twice.
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4. Conclusions

A numerical method was developed for describing the processes of n-heptane com-
bustion in a jet of superheated steam as a promising chemical engineering method for the
disposal of substandard liquid fuels and combustible waste with the production of thermal
energy. A systematic study was carried out of the influence of turbulence models, models of
radiative heat transfer, models of gas-phase reaction and mechanisms of chemical kinetics
on the reliability of the description of local and integral characteristics of the reacting flow
in the burner.

1. It was shown that the choice of the turbulence model in general does not sig-
nificantly affect the reliability of the description of the considered turbulent flame, in
comparison with other modeling techniques. The best results were obtained using the RSM
turbulence model.

2. The best agreement with experiment was obtained using the EDC model. The EBU
model gives a qualitatively irregular flame shape, which differs from that observed in the
experiment. When using a hybrid model, a non-physical carryover of the flame occurs.

3. With increasing detailing of the mechanism of chemical kinetics, the degree of
agreement with experiment becomes better. The best results were obtained using a mech-
anism consisting of 60 components and 305 elementary reactions. For this problem, a
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mechanism with 60 reactions turned out to be optimal. This mechanism is slightly inferior
to the mechanism of 305 reactions in terms of accuracy, but at the same time it is eight times
more economical.

4. The study of the effect of radiation transfer models on the simulation accuracy of
the combustion process showed that the DO model describes the experimental data much
better than the P1 model, which underestimates the NO concentration by almost two times.

In general, the results of the work showed that despite significant progress in the field
of modeling turbulent combustion and existence of a large number of various submodels,
their choice for each specific combustion task and burner design should be very careful.
Not only does the accuracy of the quantitative description of the combustion process
depend on this choice, but qualitatively incorrect results can be also obtained. Therefore,
systematic methodical calculations to analyze the influence of combustion submodels in
such problems are extremely important and relevant.

The results of systematic testing of gas combustion technologies can be used in the
development of new burners and fuel combustion technologies with reduced emissions of
harmful substances. To date, the design of burner equipment is carried out using numerical
simulation. However, the issue of choosing a large set of submodels remains very relevant.
The results obtained in this work will help engineers and equipment designers to make
a better choice of models for the correct description of fuel combustion processes. In the
present work, the influence of combustion submodels on the accuracy of the description of a
direct-flow flame is studied. However, in practice, many burners operate with swirling flow.
Simulation of a swirling flame can differ significantly from that of a direct-flow flame. In
swirling flows, a number of complex phenomena may occur, such as precession of the vortex
core or flame breakthrough. To simulate these phenomena, it is necessary to use eddy-
resolving turbulence models. Therefore, in the future, a detailed systematic study is planned
of the effect of combustion and turbulence submodels on swirling flames modelling.
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